Abstract: A major production constraint of lilies is gray mold caused by the necrotrophic fungus Botrytis elliptica. The molecular basis of lily plant resistance to B. elliptica remains largely unexplored. To systematically dissect transcriptomic responses, we constructed four RNA-seq libraries from the leaves of Lilium regale, a promising Chinese wild Lilium species, after B. elliptica infection for 0, 4, 12, or 24 h. The sequence reads were assembled into 96 416 unigenes, of which 7697 were differentially expressed. Profiling analysis revealed changes in gene expression, including 2261 downregulated genes and 3599 upregulated genes. Quantitative real-time polymerase chain reaction analysis of 39 defense-related unigenes confirmed that the transcriptional changes of these genes presented in the RNA-seq data were predominately affected by B. elliptica infection. Key B. elliptica modulated genes played roles in defense responses mediated by phytohormones involved in jasmonate signaling, whereas salicylic acid and ethylene were not involved. Among transcription factors, some WRKYs, MYB, and ethylene responsive factor were clearly upregulated. Additionally, a group of genes encoding known important defense-related proteins, such as receptor-like kinases, antioxidant enzymes, polyphenol oxidase, pathogenesis-related proteins, and proteins associated with phenylpropanoid metabolism, exhibited high transcript abundances. Furthermore, the expressions of selected candidate genes were induced more rapidly and strongly in the resistant genotype than in the susceptible genotype. Taken together, the results provide a better understanding of the defense responses involved in the crosstalk between the lily and B. elliptica and a valuable set of sequence data for gray mold resistant candidate gene discovery.
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Introduction
Lilies (Lilium spp.) are important floricultural crops with great ornamental value worldwide. Gray mold, also known as leaf blight or fire blight, caused by the necrotrophic fungus Botrytis elliptica (Berk.) Cooke is one of the most destructive diseases in lilies (Chiou and Wu 2001) . The fungus has host-specific characteristics and primarily attacks the stem, leaf, and floral tissues of lilies. Despite the use of various chemical and biological approaches to control the disease, it still threatens the yields and quality of these flowers (De Kraker et al. 2005; Huang et al. 2012; Hong et al. 2016) . Rich germplasm resources for Lilium spp. are available in China, some of which (e.g., Lilium regale Wilson) are resistant to B. elliptica infection (Du et al. 2014; Gao et al. 2017) . However, the molecular basis of lily resistance to this fungus remains unclear, although several studies have provided insights. For instance, Lu and Chen (2005) detected increased glycine-rich protein 1 (GRP1) expression in the Lilium oriental hybrid 'Star Gazer' after infection with B. elliptica; the transcripts of three genes encoding a putative GRP1, metallothionein-like protein (MT), and PsbR protein of photosystem 2 were also induced in response to this fungus in Lilium formosanum Wallace (Liu et al. 2010) , suggesting a possible role for these genes in lily resistance to B. elliptica. Moreover, a new report revealed that multiple microRNA-mediated silencing cascades regulated gene expression in the L. regale-B. elliptica interaction (Gao et al. 2017) .
Plants have evolved sophisticated and effective signaling and defense pathways to combat pathogen invasion. Generally, the perception of pathogen-associated signals occurs by recognition of conserved microbe-associated molecular patterns (MAMPs) and damage-associated molecular patterns (DAMPs) by plant receptors termed pattern recognition receptors (PRRs), which initiates a first line of basal defense to resist pathogens (Boller and Felix 2009 ). The largest family of receptors in the plant genome is the membrane-localized receptor-like kinase (RLK) family, which is also involved in plant-pathogen interactions (Tör et al. 2009 ). Previous analysis of Arabidopsis thaliana (L.) Heynh. gene expression data have demonstrated that RLKs are more likely to alter their expression levels following pathogen infection than other genes (Lehti-Shiu et al. 2009 ). After signal perception by the plant receptors, subsequent signal transduction eventually results in the activation of plant defense responses such as the accumulation of reactive oxygen species (ROS), antimicrobial compounds, and pathogenesisrelated (PR) proteins, as well as cell wall modifications and phytohormone signaling (Mengiste 2012) . The host has the ability to exquisitely manipulate different responses when challenged with specific pathogens. Biotrophic pathogens are generally suppressed by the generation of ROS and induction of systemic acquired resistance (SAR); the latter is mediated by the salicylic acid (SA) pathway. Resistance against necrotrophs is often associated with the induction of the jasmonic acid (JA) and ethylene (ET) pathways (Govrin and Levine 2000; Verhage et al. 2010 ). In addition, transcriptional regulation of plant genes is a central step in plant immunity. Numerous transcription factors such as WRKY, ethylene responsive factor (ERF), myeloblastosis (MYB), and NAC families have been found and characterized in plants (Pandey and Somssich 2009; Wang et al. 2009; Ramírez et al. 2011; Buscaill and Rivas 2014) . Overexpression of transcription factors regulating phytohormones signaling pathways confers pathogens resistance in different species such as A. thaliana (Berrocal-Lobo et al. 2002) , Nicotiana tabacum L. ), and Populus tomentosa Schneid. (Jiang et al. 2017) .
Recently, whole-transcriptome sequencing has become a powerful tool for the identification of candidate genes and the exploration of the mechanisms underlying the responses of species and (or) cultivars resistant to pathogen attack (Mutz et al. 2013) . The transcriptional changes of plant responses have been extensively reported for model organisms such as A. thaliana and Solanum lycopersicum L. (Mulema and Denby 2012; Windram et al. 2012; Blanco-Ulate et al. 2013; Sham et al. 2014; Smith et al. 2014; Tan et al. 2015) . Activation of metabolic processes involved in the oxidative burst, antimicrobial compound biosynthesis, and phytohormone signaling were obtained in these plants. Smallscale transcriptome studies have also been carried out in non-model organisms. For example, De Cremer et al. (2013) demonstrated that the most pronounced changes were the induction of the phenylpropanoid and terpenoid biosynthesis pathways, indicating their functional roles in resistance to Botrytis cinerea Pers. in Lactuca sativa L. Similarly, a total of 140 upregulated genes involved in secondary metabolism biosynthesis, plant pathogen recognition, and the antioxidant system were identified in Paeonia lactiflora Pall. during the infection stages of B. cinerea (Gong et al. 2015) . In studies on Helianthus annuus L. responses to Verticillium dahlia Kleb., Guo et al. (2017) conducted a global transcriptome comparison of resistant and susceptible genotypes and found 759 genes that were strongly related to disease resistance. Thus, the successful use of transcriptome sequencing described above, especially in those non-model organisms for which genome sequences have not been obtained, offers a strategy to explore the genetic basis of lily plant resistance to B. elliptica.
In this study, four RNA-seq samples from the leaves of L. regale under B. elliptica infection for 0, 4, 12, or 24 h were firstly sequenced using the Illumina sequencing platform. Our objectives were to elucidate the global gene transcription changes, identify genes related to resistance against B. elliptica, and examine their expression profiles at different time points to further understanding of the complexity of the defense responses in L. regale upon challenge with B. elliptica. Additionally, quantitative real-time polymerase chain reaction (qRT-PCR) analysis was used to validate the RNA-seq data and to assess the transcriptional changes between the resistant genotype and the susceptible genotype. These results will be beneficial for understanding the molecular mechanisms of the resistance of L. regale and other related species against fungal infection.
Materials and Methods
Plant materials and B. elliptica inoculation Bulbs of L. regale (resistant to B. elliptica) and the Asian hybrid 'Yale' (susceptible to B. elliptica) were planted in pots filled with substrate (sterile turf to vermiculite to perlite ratio = 1:1:1, v/v/v) at 25°C/22°C day/night temperatures with a 12/12 h photoperiod. Treatments were conducted during the flower bud stage. Botrytis elliptica isolated from diseased lily leaves was grown on potato dextrose agar medium under near-ultraviolet light for 7 d. To observe the symptoms of lily gray mold disease, the uniform agar plugs with fungal hyphae of B. elliptica were placed on the abaxial surface of each detached leaf for inoculation. At least 10 detached leaves for L. regale and 'Yale' were inoculated and observed every day after inoculation. The treated leaves were placed on filter paper moistened with sterile water in a covered Petri dish to ensure a relative humidity of 90%-100%. All leaves, including the control (inoculation with sterile water only) and inoculated treatments, were incubated in the dark with a 25°C day/22°C night thermoperiod. Leaves were harvested and the agar plugs removed at 0, 72, 96, and 120 h after inoculation for photographing. Disease severity was calculated by measuring lesion diameter at these time points. The data collected were subjected to one-way analysis of varaince and the means were analyzed by Duncan's multiple range tests. Data were represented as mean ± standard error (SE). Different lowercase letters represent statistically significant differences (p < 0.05). Statistical analyses were performed using the statistical software SPSS version 19.0.
For RNA-seq, detached leaves were surface-sprayed with a 5 × 10 4 conidia mL −1 spore suspension (Hsieh et al. 2001) . Water was used as a mock control. Leaf tissues were collected immediately (0 h after inoculation) and after 4, 12, and 24 h inoculation. Three biological replicates were examined for each time point after inoculation, with each sampling time point consisting of three leaves from three individual plants as a sample pool. The sampling time points were chosen based on previous reports (Hsieh et al. 2001; Liu et al. 2016) . All samples were frozen in liquid nitrogen and stored at −80°C for RNA extraction.
RNA extraction, cDNA library construction, and Illumina sequencing
Total RNA was extracted from the leaf tissues using an RNAisomate RNA Easyspin Isolation System (Aidlab Biotech, Beijing, China) per the manufacturer's instructions. The RNA quality was characterized using 1% agarose gel electrophoresis and verified using an ND-1000 Spectrophotometer (NanoDrop, Wilmington, DE). RNA fragmentation, cDNA synthesis, and PCR amplification were performed according to the Illumina RNA-seq protocol. Equal amounts of RNA from L. regale leaves infected with B. elliptica at various time points (0, 4, 12, and 24 h) were used to construct the cDNA library. The four cDNA libraries were sequenced using the Illumina HiSeq 2000 System at the ShoBiotechnology Corporation (SBC, Shanghai, China).
Sequence assembly and annotation
The clean reads sequenced from each cDNA library were assembled de novo to become unigenes using the Trinity platform with the parameters K-mer = 25 and group pairs distance = 250 (Grabherr et al. 2011 ). The TGICL software was used to remove redundant sequences from the unigenes and to assemble the sequences with lengths as long as possible (Pertea et al. 2003) . Finally, all unigenes from the four libraries were assembled into a single nonredundant library called the final unigene. The final unigene was aligned to different databases including UniProt, Kyoto Encyclopedia of Genes and Genomes protein (KEGG), Gene Ontology (GO), and clusters of orthologous groups of proteins (COG), using BLASTX with an E value cut-off of ≤10 −5 to obtain functional annotations. The Blast2GO software was used for the GO annotation of the unigenes (Ashburner et al. 2000; Conesa et al. 2005) . Next, the GO annotations were functionally classified using the WEGO software to determine the gene function distributions (Ye et al. 2006 ).
Differentially expressed gene (DEG) analysis
Clean reads from each cDNA library were mapped to the final unigene library using SOAP ). Then, the fragments per kilobase per million fragments mapped (FPKM) method was used to calculate the expression level of each unigene (Mortazavi et al. 2008) . The DEGs between pairs of samples were identified using the DEGseq package with the MARS method (Wang et al. 2010) . Genes were considered to be differentially expressed between two samples when they passed the filtering for a false discovery rate (FDR) ≤ 0.05 and |log 2 ratio| ≥ 1. The gene expression libraries corresponding to the four time points were organized into six pairwise comparisons (4 h vs 0 h, 12 h vs 0 h, 24 h vs 0 h, 12 h vs 4 h, 12 h vs 24 h, and 4 h vs 24 h) to identify DEGs during different stages. To examine the DEG expression profiles, the gene expression data (υ) were normalized to 0, log 2 (υ4/υ0), log 2 (υ12/υ0), and log 2 (υ24/υ0). The DEGs were clustered using the Short Time-Series Expression Miner (STEM) software with a p value ≤ 0.05 (Ernst and Bar-Joseph 2006) . The DEGs were also subjected to GO classification using WEGO and KEGG pathway annotation with the Blastall software against the KEGG database (Kanehisa and Goto 2000) . The GO enrichment analysis was performed with a p value ≤ 0.005 using agriGO (http://bioinfo.cau.edu.cn/agriGO/) (Du et al. 2010) . The KEGG pathway enrichment analysis was conducted with a Q value ≤ 0.05 using KOBAS 2.0 (http:// kobas.cbi.pku.edu.cn/) (Xie et al. 2011) . Venn diagrams, bubble maps, and heatmaps were constructed using OmicShare tools, which is an online data analysis platform (www.omicshare.com/tools).
Quantitative real-time PCR (qRT-PCR) analysis
To examine the effects of diurnal rhythm and wounding on the transcriptional changes of DEGs, the expression profiles of 39 defense-related DEGs in the leaves after mock treatment were evaluated by qRT-PCR at 0, 4, 12, and 24 h. Eleven out of these 39 genes were further chosen for validation of the RNA-seq data using the same method. Total RNA was extracted from samples collected at different time points and reverse-transcribed into cDNA using the ReverTra® Ace qPCR RT Master Mix with gDNA Remover (Toyobo, Shanghai, China) per the manufacturer's protocol. The qRT-PCR analyses were performed using the SYBR Premix EX Taq II Kit (Takara, Dalian, China) and the Bio-Rad Connect Real-Time PCR Detection System with the following reaction conditions: 95°C for 3 min, followed by 40 cycles of 95°C for 10 s, 55°C for 15 s, and 72°C for 15 s. The lily eukaryotic elongation factor 1 (EF1, KJ543461) gene was used as an internal control for normalization (Liu et al. 2016) . The relative expression levels of the target genes were calculated using the 2 −ΔΔCt method (Livak and Schmittgen 2001) against the internal control. The primer sequences used are listed in Supplementary Table S1 . 1 The experiments were performed with three independent biological replicates and three technical replicates.
Results
Symptoms of L. regale and the Asian hybrid 'Yale' after inoculation with B. elliptica
To further define resistance against B. elliptica in L. regale, B. elliptica was inoculated on the leaves of L. regale (resistant to B. elliptica) and the Asian hybrid 'Yale' (susceptible to B. elliptica). Obvious symptoms of infection were observed at 72 h after inoculation in both materials (Fig. 1) . Symptoms initially appeared as small, water-soaked lesions that quickly became necrotic and spreading. Due to leaf morphology, some lesions reached the edges of leaflets. By 96 and 120 h after inoculation, the diameters of lesion were 58% and 81% larger on 'Yale' than L. regale, respectively (Table 1) .
Illumina sequencing, assembly, and functional annotation
The sequencing data yielded 193 587 946 raw reads from four libraries representing different time points (4, 12, and 24 h) after B. elliptica inoculation and the control (0 h). After sequence assembly, 96 416 unigenes were obtained that ranged in size from 200 to 13 547 bp with N25, N50, and N70 lengths of 1552, 920, and 501 bp, respectively (Table 2 ). Figure 2 shows the size distributions of these unigenes in more detail. In total, 47 719 (49.5%) of the assembled unigenes were annotated (E value ≤ 10 −5
) by searching against the UniProt protein database using BLASTX. The five species with the most unigene hits were Vitis vinifera L. (23.90%), Oryza sativa L. (8.99%), Populus trichocarpa Torr. & Gray ex Hooker (7.71%), Ricinus communis L. (7.28%), and Brachypodium distachyon (L.) Beauv. (5.83%). Based on the GO analysis, 31 186 (32.35%) unigenes were assigned to a total of 5220 GO annotations that fell into three main categories: cellular component, biological process, and molecular function ( Supplementary Fig. S1 1 ). Additionally, 22 698 (23.54%) and 15 391 (15.96%) unigenes were assigned to the COG ( Supplementary Fig. S2 1 ) and KEGG databases (Supplementary Table S2 1 ), respectively.
Functional DEG analyses
To investigate the changes in gene expression and to elucidate the critical genes involved in the response of lily to B. elliptica, the FPKM values from the different time point libraries were collected and analyzed to identify significant differences. Based on a FDR ≤ 0.05 and |log 2 ratio| ≥ 1, a total of 7697 unigenes were identified as DEGs in at least one pairwise comparison (4 h vs 0 h, 12 h vs 0 h, 24 h vs 0 h, 12 h vs 4 h, 12 h vs 24 h, and 4 h vs 24 h). Compared with the control group, 5320 (3597 upregulated and 1723 downregulated), 6361 (3865 upregulated and 2496 downregulated), and 4020 (1730 upregulated and 2290 downregulated) DEGs were identified at 4, 12, and 24 h, respectively (Fig. 3A) . Most of the DEGs were observed at 12 h and more upregulated genes than downregulated genes were screened. Additionally, 2832 unigenes were commonly differentially expressed at 4, 12, and 24 h (Fig. 3B) . In contrast, 2485 DEGs were detected between the three treatment time points (12 h vs 4 h, 12 h vs 24 h, and 4 h vs 24 h) and only 57 DEGs were common in these pairwise comparisons (Fig. 3C ).
The STEM software was used to examine the expression profiles of the 7697 DEGs. Among them, a total of 3599 DEGs were upregulated and 2261 downregulated at three treatment time points compared with those of the control. These DEGs exhibited six expression profiles (p value ≤ 0.05), including three upregulated patterns (profiles 1, 2, and 3) (Fig. 4A ) and three downregulated patterns (profiles 4, 5, and 6) (Fig. 5A) . KEGG enrichment analysis was conducted to examine the main biological pathways in the set of up-and downregulated DEGs. The top 20 pathways with high representation are shown in Figs. 4B and 5B (Q ≤ 0.05). Several metabolic pathways that were significantly enriched for upregulated DEGs were associated with plant defense mechanisms, including "plant-pathogen interaction", "flavonoid biosynthesis", and "phenylpropanoid biosynthesis", as well as "alpha-linolenic acid metabolism" and "methionine metabolism", which resulted in the JA and ET biosynthesis, respectively. The downregulated DEGs were mainly involved in "photosynthesis", "porphyrin and chlorophyll metabolism", "photosynthesisantenna proteins", and "carbon fixation in photosynthetic organisms".
In addition, over-representations of GO terms in the set of differentially up-and downregulated genes were also investigated to indicate which biological processes, molecular functions, and cellular components were most affected in the detached leaves of L. regale after B. elliptica inoculation (Supplementary Tables S3-S8 1 ). Here, we focused on the DEGs in profile 1 and profile 6, which yielded the highest number of up-and downregulated DEGs, respectively. The biological processes that are significantly (p < 0.005) enriched in profile 1 include many defense-related GO terms (responses to biotic stimulus, fungus, and oxidative stress, for example). Cell wall related terms (cell wall macromolecule metabolic process, cell wall macromolecule catabolic process, and cell wall modification) were also significantly induced. Furthermore, biosynthesis of secondary metabolites by the phenylpropanoid pathway (mainly lignin metabolic process) was induced. For molecular function, the upregulated GO terms include DEGs that encode for proteins with oxidoreductase activity, chitinase activity, peroxidase activity, and phenylalanine ammonia-lyase activity. Several significantly induced GO terms representing cellular components associate with the cell wall, plasma membrane, endoplasmic reticulum membrane, mitochondrion, and respiratory chain complex. In accordance with the results of the analysis of KEGG enrichment, the most pronounced affected biological process in profile 6 was the photosynthesis and chlorophyll metabolic process. More vital plant metabolic processes are downregulated, as demonstrated by the enrichment of terpenoid and carotenoid biosynthetic processes, regulation of carbohydrate metabolic process, and circadian rhythm. Evaluation of the GO terms representing molecular function and cellular components offers the same viewpoint, with most notable GO terms related to photosynthesis. These results indicated that transcriptional reprogramming in the detached leaves of lily infected with B. elliptica inhibited photosynthesis but enhanced the expression of defense-related genes, which was consistent with previous studies in B. Based on the GO and KEGG analyses, we found that B. elliptica infection led to increased transcript levels of numerous genes in the leaves of L. regale. In total, we identified 39 defense-related DEGs and characterized their expression profiles over a time series post challenge with the fungus. By analysis of RNA-seq data, 37 of these genes were significantly upregulated and the remaining two were downregulated ( Fig. 6 ; Supplementary Table S9 1 ). To investigate the role of diurnal rhythm and wounding on the transcriptional changes of DEGs, qRT-PCR analyses of these DEGs in the leaves after mock treatment were conducted. Among the 37 upregulated genes described in the RNA-seq data, the expression levels of some genes were slightly increased and showed no evident changes (fold change < 2) in the mock samples compared with the expression at 0 h, some genes showed similar levels between different time points and 0 h. Meanwhile, the transcripts of two downregulated genes were slightly accumulated ( Supplementary Fig. S3 1 ), suggesting the transcriptional changes of these genes presented in the RNA-seq data were predominately affected by B. elliptica infection. Figure 6A shows the expression profiles of the DEGs involved in the Ca 2+ signaling pathway 0-24 h post inoculation. Three DEGs exhibited upregulated expression patterns: calcium-dependent protein kinase (CDPK), calmodulin (CAM), and cyclic nucleotide-gated ion channel (CNGC). We also found that five DEGs encoding important enzymes and regulators involved in JA biosynthesis and signaling were activated: allene oxide cyclase (AOC), allene oxide synthase (AOS), 12-oxophytodienoate reductase 3 (OPR3), coronatine-insensitive 1-like (COI1), and MYC2. The expression of most of these genes peaked at 4 or 12 h and declined thereafter, with the exception of MYC2, which was continually upregulated from 0 to 24 h. Similarly, significant increases in transcript abundance were observed for genes related to ET biosynthesis, including S-adenosyl-L-methionine synthetase (SAMS), 1-aminocyclopropane-1-carboxylic acid (ACC) synthase (ACS), and ACC oxidase (ACO) (Fig. 6B) .
Extensive transcriptional changes in genes involved in the ROS production/scavenging system were observed in response to B. elliptica (Fig. 6C) . The gene encoding respiratory burst oxidase homolog D (RBOHD) was greatly induced as early as 4 h post inoculation. However, several genes encoding antioxidant enzymes exhibited different changes in transcript accumulation; for instance, the glutathione S-transferase (GST) gene was induced, two ascorbate peroxidase (APX) genes were differentially regulated (one was upregulated and the other was downregulated), and a catalase (CAT) gene was globally repressed. . The x axis shows the "rich factor" of each enriched pathway; the "rich factor" represents the ratio of the number of DEGs to the number of unigenes with annotations in this pathway. [Colour online.] Eleven unigenes were found to be differentially expressed in the phenylpropanoid biosynthesis pathway, among which most DEGs were rapidly upregulated, reached a plateau, and then were downregulated from 0 to 24 h (Fig. 6D) . These DEGs included phenylalanine ammonia lyase (PAL), cinnamate 4-hydroxylase (C4H), caffeoylCoA O-methyltransferase (CCoAOMT), 4-coumarate-CoA ligase (4CL), cinnamoyl-CoA reductase (CCR), cinnamyl alcohol dehydrogenase (CAD), peroxidase (POD), flavanone 5-hydroxylase (F5H), chalcone synthase (CHS), flavonol synthase (FLS), and coumaroylquinate 3′-monooxygenase (C3′H). Other interesting critical components involved in fungal stress responses were also differentially expressed, such as the WRKYs, MYB, ERF, NAC, polyphenol oxidase (PPO), PRs (beta-1,3-glucanase, PR10, and chitinase) and RLKs [(chitin elicitor receptor kinase 1 (CERK1) and flagellin-sensing 2-like protein (FLS2)] (Figs. 6E and F).
qRT-PCR validation
The eleven genes validated by qRT-PCR represented the functional classes of genes with putative roles in plant defense, including PPO, PRs (beta-1,3-glucanase, chitinase, and PR10), WRKYs (WRKY33, WRKY40, and WRKY75), and JA pathway-related genes (AOS, AOC, OPR3, and MYC2). As shown in Fig. 7 , the comparison of gene expression patterns between the RNA-seq and qRT-PCR analyses exhibited a positive correlation. Although the log 2 (ratio) values were not identical, the expression patterns between each technique remained consistent.
To characterize the differential transcriptional responses between B. elliptica resistant L. regale and the B. elliptica susceptible Asian hybrid 'Yale', nine genes were further assessed by qRT-PCR (Fig. 8) . The results revealed that most of the selected genes showed the same patterns in the two materials during the infection stages, whereas lower expression or delayed induction was detected in 'Yale'. Among them, AOC, OPR3, and PPO were upregulated and peaked at 4 or 12 h in both materials, whereas PR10, MYC2, and chitinase were continually upregulated and peaked at 24 h. However, the other three genes exhibited differential expression patterns in the two materials. The WRKY33 and WRKY40 transcript levels in L. regale quickly increased and then decreased at low levels, whereas the expression levels of these genes were initially suppressed in 'Yale' to 24 h, at which time the expression levels were comparable to L. regale. WRKY75 was upregulated at 4 h and downregulated at 12 h in 'Yale', but in L. regale it increased continually at 12 h. Thus, these differentially expressed genes may have crucial roles in mediating the defense responses of lily to B. elliptica.
Discussion
Lilium regale has been recognized as an excellent organism to survey the B. elliptica resistance mechanism (Liu et al. 2016; Gao et al. 2017) . Despite the availability of lily transcriptome databases, a lack of transcriptomic information specifically for L. regale following inoculation with B. elliptica restricts the identification of resistance-related pathways and genes. In the present study, using RNA-seq, we obtained a total of 96 416 unigenes from the leaves of L. regale infected with B. elliptica at various time points. Approximately 50% of the unigenes have BLASTX hits in the UniProt database; the lack of functional annotation of the remaining unigenes might be due to the short length of their sequences, and these unknown unigenes were likely to be splice variants, novel exons, or untranslated regions. A positive correlation was found between the relative expression levels of the 11 unigenes measured by RNA-seq and qRT-PCR, showing the RNA-seq methodology described herein is well suited for the quantitative analysis of transcriptome data. Importantly, we found B. elliptica infection resulted in enhanced transcript accumulation of a large number of genes in the leaves of L. regale. Additionally, we examined the expression profiles of the DEGs in the leaves after mock treatment using qRT-PCR. The results indicated the transcriptional changes of 39 defense-related DEGs presented in the RNA-seq data were predominately affected by B. elliptica within 24 h of inoculation ( Supplementary Fig. S3 1 ). These DEGs included genes encoding RLKs, PPO, transcription factors, and PR proteins, as well as genes involved in Ca 2+ signaling pathway, JA/ET pathway, ROS production/scavenging system, and the phenylpropanoid biosynthesis pathway. Taken together, our studies provide a novel and important sequence resource for analyzing gene functions on a global scale and a strong theoretical basis for further examining transcription changes upon challenge with biotic stresses in lily.
In response to pathogen attack, plants include a group of RLKs that play a key role in the recognition of pathogen infection and triggering a series of downstream defense responses. As a typical RLK, CERK1 containing a lysin motif (LysM) domain that can combine with the chitin, an important constituent of the fungal cell wall, initiates signal transduction (Iizasa et al. 2010) . Previous studies have shown that several CERK1 transcripts are differentially expressed during P. lactiflora-B. cinerea (Gong et al. 2015) and L. sativa-B. cinerea interactions (De Cremer et al. 2013) . This phenomenon similarly exists in lilies infected with B. elliptica. Our data revealed that a unigene encoding CERK1 was significantly upregulated as early as 4 h after inoculation. Additionally, the FLS2 gene was also upregulated at three time points after inoculation. In A. thaliana, FLS2, which encodes an RLK, forms a complex in a specific ligand-dependent manner with another RLK, namely BRI1-associated receptor kinase 1 (BAK1), within the first minutes of stimulation with flagellin. These heterodimeric complexes positively regulate RLK-dependent signaling in plant immunity (Chinchilla et al. 2007 ). Thus, our data suggested lily homologs of CERK1 and FLS2 might participate in the response to pathogen invasion. The major source for ROS production in plants is RBOH (Lamb and Dixon 1997) . Ca 2+ signaling also participates in the oxidative burst through the activation of RBOH (Xing et al. 2001) . In L. regale, the expression levels of several DEGs such as CAM, CDPK, and RBOHD, which are involved in Ca 2+ signaling and the oxidative burst, were increased. Consequently, the induction of these genes could result in the generation of ROS in lily. However, sustained accumulation of ROS promotes cell death and often increases host susceptibility to necrotrophs. Conversely, plants have evolved several ROS-scavenging mechanisms for oxidative stress protection (Chew et al. 2003) . Our study showed changes in the abundance of transcripts associated with antioxidant systems. Transcripts encoding antioxidant enzymes such as POD, GST, CAT, and APX were identified. Among them, POD, GST, and APX1 were upregulated, whereas APX2 and CAT were downregulated. These differential gene expression patterns showed the extraordinary complexity of the antioxidant systems that participate in lily defense responses.
Signal transduction via phytohormones is a crucial requirement of plant immunity. The positive role of the JA pathway in L. regale resistance to B. elliptica has been reported by Gao et al. (2017) , who found that several JA biosynthetic genes regulated by miRNAs influenced disease resistance. Based on our RNA-seq data, DEGs encoding JA biosynthetic enzymes (AOS, AOC and OPR3) and JA signaling responsive factors (COI1 and MYC2) were upregulated. Some of these genes were also upregulated in the susceptible cultivar 'Yale' according to the qRT-PCR analysis, but the transcriptional changes occurred at a slower rate and were less dramatic than those observed in L. regale. This finding suggested that JAmediated responses in the resistant lily might be much stronger than those in the susceptible lily, which allowed the lily to more rapidly and effectively respond to B. elliptica infection. Additionally, ET biosynthetic genes, including SAMS, ACO, and ACS, were also abundantly transcribed. Nevertheless, the expression of important ET signaling components, such as ethylene insensitive 2 (EIN2), EIN3, ER-associated receptors (ETR), and ERF1, remained unchanged. Similarly, the expression of some important SA signaling responsive factors, such as nonexpressor of PR1 (NPR1), the TGA transcription factors, and PR1, also showed no evident changes. Thus, the lily regulates its defenses against B. elliptica in infected leaves predominantly through JA-mediated responses, whereas the SA and ET signaling pathways do not appear to be involved.
Plants encode multiple transcription factors that regulate their target genes in defense signaling, thus reprogramming transcription in the plant cell toward the activation of immunity (Buscaill and Rivas 2014) . In this study, four classes of transcription factors (WRKY, MYB, ERF, and NAC) were screened among the DEGs responding to B. elliptica infection. Particularly, one ERF transcript (a homolog of BkERF2.2 from Bupleurum kaoi Chao & Chuang) was prominently transcribed 4 h after inoculation. In B. kaoi, overexpression of BkERF2.2 in transgenic A. thaliana resulted in elevated expression levels of the JA-responsive gene plant defensin 1.2 (PDF1.2) and enhanced resistance to B. cinerea . WRKY33 and WRKY75 were also clearly induced and more active in L. regale than in 'Yale'. Their homologs, AtWRKY33 and AtWRKY75, have been reported to play roles as activators in JA signaling and influence plant resistance to necrotrophs Chen et al. 2013 ). These results indicated that establishment of defense responses in lily might require these transcription factors to modulate the JA signaling network. Furthermore, two members of the MYB and NAC transcription factor families exhibited upregulated gene expression patterns in infected leaves, suggesting that both of them might act as positive or negative defense response regulators.
Pathogenesis-related proteins have been widely regarded as a group of plant proteins that are induced not only following pathogen inoculation but also in response to various abiotic stresses including drought, wounding, and salinity. Some of them, such as chitinase (PR3, PR4, PR8, and PR11), either alone or in combination with beta-1,3-glucanase (PR2), can effectively increase pathogen resistance in transgenic plants (Anand et al. 2003; Núñez de Cáceres et al. 2015) . Similarly, transgenic tobacco lines have been generated by the overexpression of a lily PR10 gene that causes enhanced resistance to Fusarium oxysporum Schltdl. (Chen et al. 2017 ). In our study, evident increases in transcript accumulation were observed for PR10, beta-1,3-glucanase, and chitinase. It was worth noting that PR10 and chitinase genes were induced more rapidly and exhibited higher expression levels in L. regale than in the susceptible genotype. Thus, it could be inferred that these PR genes function cooperatively in conferring resistance to B. elliptica in L. regale.
Phenylpropanoid compounds such as lignin, flavonoid, and anthocyanin play a role in plant defense (Solecka 1997) . Our data revealed the global gene expression profiles of proteins involved in the phenylpropanoid pathway after infection with B. elliptica. Among them, several genes encoding important enzymes in the lignin biosynthesis showed upregulated expression patterns in L. regale, such as 4CL, which catalyzes the precursors of the G-lignin monomer and S-lignin monomer biosynthesis; F5H, which is involved in the formation of the S-lignin monomer; and POD, which not only acts as a critical antioxidant enzyme, but also controls the biosynthesis of the G-lignin monomer, S-lignin monomer, and H-lignin monomer (Naoumkina et al. 2010) . Indeed, plants accumulate large amounts of lignin at infection sites during pathogen inoculation, which reinforces the cell wall to withstand pathogen spread in the vascular structure (Zhao and Dixon 2011) . The flavonoid biosynthesis-related genes CHS, FLS, and C3′H were also induced. As an important phenylpropanoid compound, flavonoid and its derivatives have been shown to serve as antimicrobial compounds and signal molecules in defense responses (Shan et al. 2009 ). Based on the analysis of these upregulated genes, L. regale might increase the production of lignin and flavonoid to fight against the fungus. Similar results were found in Gossypium barbadense L. (Xu et al. 2011 ) and a resistant Eucalyptus cultivar (Chen et al. 2015) during pathogen infection. Meanwhile, transcripts for PPO were upregulated in response to B. elliptica infection. As a critical oxidase, PPO was very often induced after pathogen infection and is related to cell wall protection, which is affected by invasion (Li and Steffens 2002) .
Conclusion
We addressed the lack of information on the transcriptomic responses to B. elliptica attacks in lily. Our results showed that a large number of transcripts related to B. elliptica resistance were involved in the JA and phenylpropanoid pathways. The transcripts responsible for defense responses also included classes of antioxidant enzymes, RLKs, PPO, PR proteins, and transcription factors belonging to various families. These results not only deepen our understanding of the molecular mechanisms underlying the defense of lily against B. elliptica, but also provide potential targets for cultivar improvement via genetic manipulation techniques.
